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FULL-SCALE INVESTIGATION OF SEVERAL JET-ENGINE NOISE-REDUCTION NOZZLES I

By ~ILLAED D. COLES and EmruND E. (kmAGHAN

SUMMARY

~ number of noise-supprtxsion nozzk were tested on jiLU-
scale engina, In general, thesenozzkx achievednoise reduction
Ly the mixing interferen~ of @jacent ja%; that is, by mung
mukipk-slot no.zz.k%.Sereral of the noz.z.kwachieoedredu.dions
in sound power of approfi’mately 6 dm”lwls(nearly 70 percerit)
with small thrwt .?0ss8s(approz. 1 percent).

The mazimum sound-premure level wm reduced by a-smuch
as 18 dem”bekin parttiar frequency bands. Some of the
~iozzles showed conn”derablespatial asymmetry; thm$is, the
sound@d was not rotationdy symmetrical.

A method of ca.?.culutingthe limiting frqumwy e$ected by
such nozzks is presented. Furthermore, daia are dk-wn that
appear to indicate thatfurther reduciiom in 8ound power m“U
not be easily achievedfrom nozzlti wing mixing interference
as a means of mnke s-uppremion.

IT’JTRODUCI’ION

The normal development of the jet engine has produced
sizable increases in thrust and also, unfortunately, in jet-
engine noise. In fact, current jet engines are truIy awesome
noise producem. There me several approaches to reducing
this jet-engine noise: The takeoff and climb-out pattern
of the aircraft (ref. 1) em be adjusted to cause the least
nnnoytince, or the engine itself can be made quieter.

It is well established that the principal source of jet-engine
noise is the turbulent mising of the jet with the surrounding
atmosphere (ref. 2). The noise generated by this process
is n function of the product of the eighth power of the
jet velocity and the jet area (refs. 2 and 3). Consequently,
reductions in jet velocity will greatly reduce noise. To ac-
complish this, however, there must be a change in the engine
cycle (e. g., the bypass engine) or a completely new engine
design concept (such as the low-temperature e@ine (ref. 4)).
In any case, such a development program requires consider-
able time before a reliable and tested product can be in-
strolledon new aircraft. Therefore, the present problem is
to quiet existing engines.

Since the noise generation resultsfrom the turbulent mixing
of the jet, a change in this process should result in a change in
noise. Most of the noise-reduction devices tested during the
past several yeara have been based on this principle. A great
many diflerent devices have been tried (reb. 5 to 7), but,
in general, all seek to alter the mixing process either by odd-
slmped nozzles or by the interference of multiple jets.

A theory relating jet turbulence to noise generation is
discussed in reference 8. The most signihmt result of this
work relates the eddy size and the turbulent intensity to
noise generation. As a result of this analysis, it appeam
that reduction of noise generation can be accomplished in
one of the following ways: (1) Eddy size is decreased at
constant turbulent intensity, (2) turbulent intensity is
decreased at constant eddy size, or (3), most desirable,
both eddy size and intensity are decreased. The fact that
it is lmowu how noise reduction may be accomplished helps
somewhat, but it is cwtainly not readily apparent what
physical devices will result in any of the three suggested
means of noise reduction.

The devices discussed herein follow the general principles
outlined for accomplishing noise reduction. Some of these
devices have been tried elsewhere and are presented as
c.ohation of previous work. The investigation was con-
ducted at the NACA Lewis laboratory aspart of a long-range
study of jet noise and means for its supprwsion.

SYMBOLS

exit area of nozzle, s,qft
ambient speed of sound, ft/sec
nozzle diameter, ft
engine thrust, lb

corrected-thrust ratio

frequency, cps
frequency corresponding to x distance, cps
jet height (see @. 6 (b)), ft
engine speed, percent of rated rpm
number of spaces between nozzle segments
sound power of suppressor nozzIe, w
sound power of standard nozzle, w
jet spaoing (see fig. 6 (b)), ft
exhaust-gas temperature, ‘R
jet veloci@, ft/sec ‘
jet width (see fig. 6 (b)), ft
distance from nozzle exit to point at which adjacent

jets impinge, ft
ratio of engine-irdet totaI pressure to NACA

standard sea-level pressure of 2]116 lb/sq ft
ratio of engine-inlet total temperature to NACA

standard sea-level temperature of 518.7° R
atmospheric air density, slugs/cu ft

I 8UW@@ A’AOA Teobnknl Note 2974by WItLml D. CM= and Edmund E. Oalla@an, 1W7.
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APPARATUS AND PROCEDURE

TUBBOJET ENGIN~ /

Two &al-flow turbojet engines, with rated sea-level
thrusts of approximately 5,000 and 10,000 pounds, were
used in this investigation. At rated conditions, the total-to
static-pressure ratio acroes the exit nozzle was approximately
1.7 for the low+hrnst engine and 2.3 for the high-thrust
engine. The jet velocities were approximately 1,730 and
1,900 feet per second, respectively. These engines were
mounted in an engine thrust stand, shown in figure 1 with
the 5,000-pound-thrust engine installed. The centerline of
the engine is located 8 feet above the ground plane. The
engines were equipped with large inlet bellmouth sections
and were provided with screens at the bellmouth entrance to
prevent ingestion of foreign material.

Engine thrust was measured by means of temperatnre-
compensated strain-gage thrust links of appropriate range,
which gave measurements accurate to x percent. Engine
airflow was measured by means of static-pressure rakes and
wall taps to within an accuracy of ~ percent. Additional
instrumentation was provided for measuring fuel flow,
exhaust-nozzle total pressure, and jet temperature.

Three diilerent engine exhaust conw (two larger than
standard) were used with the 5,000-pound-thrust engine.
The larger cones were used in conjunction with the noise-
suppreseor nozzles. The standard cone was used only with
the standard conical convergent nozzle.

ACOUSTICMEASUREMIWR5

The thrust stand (fig. 1) is located in an area that is
urrobstructed rearward and to the sides for over ~ mile.
The nearest reflecting surface, other than a small control
room, was located approximately 400 feet in front of the
thrust stand. The reflective effects from the control room
should be extremely small at all the measuriug stations
shown in figure 2, because no measuring stations are close
to the building and because of the small size of the building
aud the angle at which it is located. Measurements of the

—
--—------l

over-all sound-pressure level 2 were made approximately
8 feet above ground level at 15° intervals from the jet axis
and at a 200-foot radius from the jet exit for aUthe positions
shown in figure 2. Sound-pressyre level was measured with
a commercial sound-level meter set to a flat response from
20 to 10,000 cytk.s per second. Spectrum data were obtained
with an automatic audiofrequency analyzer and recorder,
The frequency range of this system is from 35 to 18,000
cycles per second and is divided into 27 j-$octave bands. The
spectrum recorder and related equipment were mount ed ifi w
specially adapted, insulated panel truck. Before each test,
both the sound-level meter and the frequency-recording

TABLE I.—NOISELSUPPREESION NOZZLES

I’etta R8toy=m
Mb&a-

engine, lb

A 5,000

B 5,000
c 10,000

D 5, 000

E 5,000

F 5,000

G 5,000

H 5,000

I 5,000

J 5,000

K 5,000

Mu& ;
De?.criptlonof nozclo

Six-corrugation or Greatrex type (ref. (n)
6) nozzle.

Three-segment nozzle --------------- b
0Twelve-sagment nozzle with center- 0

Ni~&ction rectangular (3 in. wfdo (d)
by 12 in. high) slotted nozzle.

Nine-section rectangular (2 in. wido (e)
by 18 in. high) slotted nozzle.

Saven+mction rectanguhu (2% in. wide (~
b 18 in. high) slotted nozzle (mod-
it?cation of nozzle E).

Sii-section rectangular (6 in. wide by (Lt)
9 in. high) slotted nozzle.

Six-section rectangular (9 in. wide by (h)
6 im high) slotted nozzle.

Sii-eection rectangular (9 in. wide by (i)
6 in. hi ) offeet (different emt

Pplanes) s otted nozzle.
Eighteen-eec.tion reotan

wide by 6 in. high) $%&d%%.
(j)

Twelve-section rectang@r (4 in. wid; (k)
by 6 in. high) slotted nozzle (mod-
itlcstion of nozzle ~.
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FIGUFLE2-—Location of survey stations in sound field around ongIne
thrust stand.
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system were calibrated with a small loud-speaker-type
calibrator driven by a transistor oscillator.

Although mtrerne care was taken to calibrate the sound-
mcasuring equipment, other sources of error Mected the
results, The wind has an appreciable effect on jet direction
and hence distorts the sound field. NTOtests were made at
wind velocities gnmter than 14 miles per hour, but some
crrom do occur because of wind gusts. Tests made on differ-
ent dnys with the same nozzle showed that local sound-
pressum-level variations might be as high as +3 decibels
becnuse of displacement of the jet. However, the sound-
power levels nhvrqwvaried less than +1 decibel. The sound-
power data should be expected to be less in error since they
result from cm integration over the whole sound field, and
errors in local values tend to average out.

A’ormally, acoustic measurements wire m~e at etie
rotatioml speeds of 100, 97.5, 92.5, and 87.5 percent of rated
speed. At each engine speed, spectrum measurements
required about 20 minutes. In most cases, no spectrum
measurements were made at 100-percent speed.

(0)

(a) Nozzlo A: Mwamrugation or Greatrex type (ref. 6).

NOISIMUPPRESSION NOZZLES

The noise-suppression nozzles used in this investigation
are listed in table I. For convenience, each nozzle has been
assigned a letter designation (given in table I), such as
‘(nozzle A,” and so forth: and will be referred to in this
manner in the succeeding discussion. Pertinent details of
the nozzles are shown in figure 3.

It should be noted that area-adjustment tabs have been
provided at the exits of all the nozzles (e. g., fig. 3 (a)).
These tabs are used to trim the exhaust area to obtain the
‘correct relation between engine speed and exhaust-gas
temperature (i. e., rated exhaust-gas temperature at rated
engine speed).

h _:-Spxer

[b)

(b) Nozzle B: Three-segment nozzle.

FIQUFLD 3.—Noiae-suppreasion nozzles investigated.
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(c)

(o) Nozzle C Twelw-segment nozzle with centerbody.

b=- (d)

(d) Nozzle D: Nine-section rOOti& (3
slotted nozzle.

Fmum 3.—Continued. Noise-suppression nozzles inv&igated.’

in.wide by 12 in. high)
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(e)

(e) Nozzle E: Nine-section rectangular (2 in. tide by 18 in. high)
slotted nozzle.

(f)

(f) Nozzle F: Seven-section reotangulm (256in. wide by 18 in. high)
e.lottd nozzle.

/

——, _

.

(9)

(g) Nozzle G: Six-section reotingulm (6 in. wide by 9 in. high) slotted
nozzle.

Fmmm 3.-Ckmtinued. Noiswmpp-ion nozzles invedigatd.
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-’ Induced-oir

.
(h)

(h) Nozzle H: Sis-section rectangular (9 in- wide by 6 im high) slotted
nozzle

——— -–.

—c

,-1----===.,.
==2’1

-----~+,,- ..
.-

(i)

(i) Nozzle I: Six-motion reotanguhu (9 in. wide by (i in. ldgh) ofWt
slotted nozzha

FIGURE3.—&mtinued- Noise-suppmstion nozzles investigated.

,
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(j) Nozzle J: Eighteen-section rectangular (2.7 in. wide by 6 in. high)
slotted nozzle.

~---- - ‘“’-’ - ‘—--——

(k) Nozzle K: Twelve-motion rectangular (4 in. wide by 6 in. high)
slotted nozzle.

FICHJEE 3.—Ckmcluded. No&supprewion nozzles investigated.
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The effectiveness of the noise-suppression devices is
demonstrated by comparison with th~ original noise source.
Initially, comparisons are made of the total sound power
radiated, the spectrum level (sound-pressure level per cyclej,
and the directionality pattern for the various suppressor
devices and a standsxd conical convergent nozzle.

Such comparisons are useful for showing trends but cannot
be used as absolute measures of effectiveness, since ambient
conditions affect both the engine operation and the sound
generation. Data are presentad for a ilxed-engine speed of
either 97.5 or 100 percent of rated engine speed. The over-
all sound-pressure levels genertdly are presented for 100
percent and the spectrum level for 97.5 percent of rated
engine speed for the reasons discussed in APPARATUS
AND PROCEDURE section. With regard to both acous-
tics and engine operation, iinal comparisons of the various
nozzles are made using normalized parametem that eliminate
daily temperature and pressure variations. Ihrthermore,
comparisons between different engines equipped with sup-
pressor nozzles are only possible with normalized parameters.

NOZZLZ A, SIX-CORRUGATION NOZZLE

Figure 4 (a) shows the directional distribution of the sound
for a six-corrugation nozzle (nozzle A, @. 3 (a)) and a
standard nozzle. In this and subsequent similar figurti,
only half the total sound field is shown. The values of sound-
pressure level presented are averages of the values on oppo-
site sides of the jet axis. This has been done in order to
minimize the wind effects discussed previously.

It is evident that this particuhw suppresor nozzle shows
very little effect on the directionsilpattern and level of the
sound. In fact, the total sound power radi@ed for this
nozzle was 164.3 decibels compared with 166.1 decibels for
the standard nozzle. These results, in general, conilrru the
work of Greatrex on a similar nozzle (ref. 6). Greatrex has
shown that deeper corrugations will provide greater reduc-
tions in the area of maximum sound-pressure level (30° to
60° azimuths). Several frequency distributions of soured
prcsaure obtained with this nozzle are shown in figure 4 (b).
The spectrum levels at azimuths of 90° and 150° are prac-
tically the same as for the standard nozzle. At a 30°
azimuth, there is a decrease in energy between frequencies
of 150 and 600 cycles per second, with slight increases on
either side of this frequency range. It is riot surprising,
therefore, that the power-level distribution with frequency
is practically unchanged from that of the standard nozzle
(fig. 4 (c)).

NOZZLE % THZEESEGMIZNT NOZZLE

Nozzle B (three-se=aent nozzle) reflect%the trend toward
deeper corrugations mentioned preciously (ref. 6). Figure
5 (a) shows a polar plot of the over-all sound-pressure level
for the three-segment nozzle (fig. 3 (b)) and the standard
nozzle. It is evident horn the figure that this suppressor
had little effect on either directionality or sound-pr-ure
level. Consequently, the total power radiahd was reduced

only slightly from that of the sta?dard nozzle; that is, less
than 1.0 decibel.

The spectrum levels (fig. 5 (b)) at the 90° and 150°
azimuths are quite similar to those of the standard nozzle,
and only the spectrum level at the 30° azimuth shows any
significant changes. Here there is a decrease in energy
bebween frequenciw of 150 and 750 cycles per second with
increased values on either side of the frequency range. As
might be expected, the frequency distribution of the sound
was only slightly d.iilerentfrom that of the standard nozzle
(fig. 5 (c)).

NOYZLE e TWBLVESEGMIWT NOZYZE WITH CENTEBBODY

Nozzle C was the onIy one investigated on the high-thrust
engine; and, as pointed out previously, the remdts should
only be compared with other suppressor nozzles on the basis
of normalized parameters. This nozzle utilizes the idea of
deep corrugations but has 12 separate segments through
which the gas issues (fig. 3 (c)).

The sound pohr plot of the over-all sound-pressure level
for suppressor nozzle C and a standard nozzle is shown in
figure 6 (a). These data show a marked reduction in sound-
pressure level both rearward and to the sides of the engine.
k fact, the peak sound-pressure level (at the 30” azimuth)
has been reduced by 11 decibels. The over-all effect has
resulted in a sound-power reduction of 8.5 decibels. Most
of this reduction in sound power occurred in the frequency
range from 40 to 1,000 cycles per second, as shown in figure 6
(c). In fact, the reduction at a frequency of 200 cycles pm
second is about 15 decibels. Furthermorej the spochwn
levels at various azimuth angles (fig. 6 (b)) show rather
interesting characteristics. At a 30° azimuth, tho spe~trum
level is decreased in the frequency range between 40 nnd
100 cycles per second; at a 90° azimuth, the spmtrum level
is decreased iu the frequency range between 40 and 300 cycles
per second; and at a 150° azimuth, the spectrum level is
reduced in the frequency range between 40 and 2,OOOcycles
per second.

NOZ7LB D, NINE-9E~ON RECTANGULAR (S IN. WIDE BY 1?.IN. HI(3H)
SLOTTED NOZZLE

The effectiveness of nozzle D (nine-section rcctwguhr
slotted noz@e) as a noise suppressor is shown by the polm
diagram of over-all sound-pressure level (fig. 7 (Q)). Data
are presented for the nozzle mounted both horizontally
(fig. 3 (d)) and vertically. It is evident that measurements
made in a horizontal plane show a ditferent pattern, depend-
ing on nozzle orientation; hence, the usual assumption of
spatial symme@ does not hold. This effect was mpectod,
however, since the results of reference 2 for single nozzlos
with elongated cross sections (ellipses) show this tendency.
It vm.sexpected that this effect might be amplified by tho
use of multiple slots. The effect of nozzle orientation
@g. 7 (a)) shows that the over-all sound-pressure levels
increased somewhat from the 45° to the 90° azimuth and
decreased from the 1$0 to the 30° azimuth when the nozzle
was mounted vertically.



N+3zzle

--0-- Stmtord

FULL-SCALEI INVESTIGATION OF SEVDRAII JET-ENGINE NOISE-REDUGI’ION NOZZLES 1257

(a) Dirwtionality pattern.
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(a) Directionality pattern. (b) Speotrum levels at three azimuths.
(c) Frequency distribution of sound power.

FImmm 5.-Smnd-field characteristics of nozzle B.



FULL-SCAL33 INVESTIGATION OF SEVERAL JET-DNGINE NOISE-RDDUC71’IONNOZZLES 1259

tbule

‘c,.o&”-: – Stamlord

-1

90”
I I I

110$’

110

100

90

n

i-

{ *

80

~ 70
g
8

‘% 60

50

40

30

50 I 1111A

LLH’r
I I I Iufll

!0 I c
— : — Stondord

I
so (c)

4 6 8 102 2 4 6 8 103
I I I I I IIIY
2 4 6 8 104

(a) Directionality pattern. (b) Speutrum level at three aaimuthe.
(o) Frequenoy distribution of sound power.

I?mmm 6.-Sound-ileld characteristics of nozzle C.



1260 RE)PO13T1387—NATIONAL ADWSORY COMMITTEE FOR AERONAUTICS

@i

-WWKY, m
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FIGURE 7.-Sound-field characteristics of nozzle D.
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The distribution of sound pressure with frequency does
not appear to differ greatly with nozzle orientation, as shown
by the spectrum levels (figs. 7 (b) and (c)). Aside from
slight shifts in sound-pressure levels, which reflect the results
shown in figure 7 (a), there are small differences in the shap~,
which indicate an enerm shift toward higher frequencies for
the nozzle mounted vertically. In e.agen~, tti means that,

for a nozzle mounted horizontally, the sound pressuresin the
vertical plane (vertical to ground and containing the jet
axis) are somewhat greater and have more high-frequency
energy than those in the horizontal plane @raUel to ground
and containing the jet axis).

The fact that the sound field is not rotationally symmetrical
about the jet axis means that the sound-power radiation
(over-all or in frequency bands) should be calculakd using
nvernge values From the results shown in figure 7 (a), it is
evident that a simple arithmetic average of the intensities is
sufficient to give good accuracy for either total sound power
or power levels in frequency bands.

The distribution of sound power with frequency is shown
in figure 7 (d). It is evident that considerable decreases
have been obtained at frequencies from 100 to 2,000 cycles
pm second w-hen compared with the performance of a
standard nozzle. The total power radiated is 161.4 decibels
as compared with 166.1 decibels for a standard nozzle.

NOZZLE F, NINB-SEOYION EECrANGIJLAB (2 ~. WIOE BY 18IN. HIGEI)
SLOTTED NOZZLE

l?igure S (a) shows the sound polar diagram for nozzle E
(nine-section rectangular nozzle) mounted in both the
horizontal (fig. 3 (e)) and vertical positions. It is evidmt
that the use of long narrow slots (2 by 18 iIL) has resulted in
considerable sound emanation at approximately right arigles
to the jet (90° azimuth), as evidenced by the data for the
verticil position. It would appear that, in general, nozzle
E produces greater sound pressures than nozzIe D and hence
is a less effective noise suppressor. The total sound power
radiated by nozzle E is 163.9 decibels, which is 2.5 decibels
more than for nozzle D but somewhat less than for the
standard nozzle (166.1 db).

The distribution of sound power with frequency for
nozzle E is compared with that for a standard nozzle in
figure 8 (d). It is evident that some low-frequency energy
(100 to 1,600 cps) has been shifted to higher frequencies,
leaving the total power radiated approximately the same in
both crises. It is evident from the spectrum-level curves of
figures 8 (b) (nozzle horizontal) and 8 (c) (nozzle vertical)
that the shift in total power spectrum redts chiefly from
tho shift in energy in the region of mtium sound radiation
(30° azimuth) and from the increaaed energy at higher
frequencies for the 90° azimuth.

NOZZLE F, SEVEN-SECTION 12ECYANGULAR W IN. WIDE BY 18 IN. HIGH)
SLOTTED NOZZLE

Nozzle F (seven-section rectangular slotted nozzle, fig. 3
~~~ti~namodifi~tion of nozzle E discussed in the preceding

. The original nozzle (nozzle E) was cut back and
the two outer slots blocked off by an internal fairing. Both
nozzle F and the original nozzle show somewhat the same
characteristics. The polar diagg of over-ail sound-

JET-ENGJNIJ NOISE-REDUCTION NOZZLES 1261

pressure levels (@g. 9 (a)) shows considerable~radi~tion at
nearly right angle to the jet axis, as does that for the origiial
nozzle. There is one very important dfierence, however.
Nozzle F shows practically no effect of nozzle orientation on
over-all sound-pressure level, whereas the original nozzle
shows appreciable effects. It is evident from a comparison
of figures 8 (a) and 9 (a) that nozzle F is not appreciably
different from the origimd nozzle, E. The sound power
radiated is 163.5 decibels for the modified nozzle and 163.9
decibels for the original nozzle, compared with 166.1 decibels
for the standard nozzle.

The distribution of sound power for this nozzle @g. 9 (d))
shows only small diilerences from the original nozzle. Fur-
thermore, the spectra at the three azimuth positions (figs.
9 (b) and (c)) are quite similar to those obtained with nozzle
E. At the 30° azimuth, the spectrum dip is greatar for
nozzle E than for nozzle F (both mounted horizontally).
With vertical nozzle orientation, the reverse is true. A
compari~on of the spectra vertically and horizontally for
nozzle F shows that, while there is spatial symmetzy of the
over-all sound pressure (fig. 9 (a)), there is not symmetry
for the individual frequency bands.

In fact, at frequencies near 1)000 cycles per second (for
the 30° azimuth), data for the nozzle mounted vertically
(iig. 9 (c)) show reductions in spectrum level (from that of
the standard nozzle) of as much as 25 decibels. For the
nozzle mounted horizontally (fig. 9 (b)), data for the same
azimuth and frequency show negligible reduction. The net
eflect on sound power is therefore quite small (fig. 9 (d)).

NOZZLEG SIX-SECTION lZECWANGULAE (U lN. wIDE BY 9 IN. HIQE)
SLOTTED NOZZLE

The sound polar diagrams for nozzle G (mounted hori-
zontally, fig. 3 (g)) and the standard nozzle are shown in
figure 10 (a). There is a reduction in sound pressure for
nozzle G (six-section rectangular slotted nozzle) in all direc-
tions. A check of this nozzle mounted vertically showed no
appreciable changes in the sound-pressure level. The dist-
ribution of the sound pomr (asmm.ing spatial symmetry)
is shown in figure 10 (c). Comparison of the distribution
with that of the standard nozzle shows that the reduction
of total power from 166.1 to 162.6 decibels results from a
reduction in sound ~omwrat the frequencies below 600 cycles
per second.

The spectrum-level curves (fig. 10 (b)) show rather inter-
esting characteristic when compared with those of a stand-
ard nozzle. At the 30° azimuth, there is considerable de-
crease in energy below frequencies of 600 cycles per second
and considerable increase above frequencies of 700 cycles
per second. At the 90° azimuth, the data show little effect
at low frequencies but a dip in energy at frequencies between
700 and 3,200 cycles per second. The results at the 160°
azimuth are quite similar for both this nozzle and the stand-
ard nozzle. It is interesting that the shift in energy upward
in frequency on the 30° azimuth is mostly offset by the
decrease in energy above a frequency of 700 cycles per sewnd
radiated at the 90° azimuth. The resultant effect (@. 10
(c)) shows little change in the,total energy above a frequen~
of 700 cycles per second when compared With the standard
nozzIe.
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NOZZLE H, SK?-SEtiON RECYANQULAH (9 IN. wIDE BY 6 IN. HIGH)
SLOTTED NOZ9LE

Tho characteristics of nozzle H (six+ection rectangular
slotted nozzle, fig. 3 (h)) are very similar to the character-
istics of nozzle G. The total power radiated was somewhat
less, 161.3 decibels compared with 162.6 decibels, and the
over-cdl sound pressures were slightly reduced (@. 11 (a));
but, in general, the discussion given in the precading section
applies equally well for both nozzles.

NOZZLE I, SIX-SECTION RECTANGULAR (9 IN. WIDE BYE IN. HIGH) OFFSET
SLOTTED NOZZLE

Nozzle I (six-section rectangular offset slotted nozzle) is
a modification of nozzle H. The outer slots mu-e cut back
6 inches, and the next inner pair 3 inches (&g.3 (i)). Internal
trimmen were used to obt~in the same slot width. As might
be espected, the polar diagram of sound-pressure level (fig.
12 (a)), the sound power (161.4 db), and the distribution
of sound power frequency (fig. 12 (c)) are nearly the same for
both the modified nozzle I and the original nozzle H.

The spectrum-level curves (fig. 12 (b)) show some variation
from those of nozzle H, but the general trends remain the
same, There is a slight shift and increase in the dip of
tho frequency-distribution curves at & frequency of about
400 cycles per second for the 30° azimuth data. At a 90°
~zimuth, there is a peak in energy at a frequency of 2,500
cycles per second instead of the dip obtained with the
original nozzle. The total effects of these changes, are not
large, and it rvould appear that the slightly noncoplanar
slotted nozzle is not significantly different acoustically from
the coplanar nozzle.

NOZZLE J, EIGHTEEN-SECTION RECTANGULAR (L7 IN. WIDE BY 6 IN. HIGH)
SLOTTED NOZZLE

Sound polar diagrams for nozzle J (eighteen+ection slotted
nozzle) mounted both horizontally (fig. 3 (j)) and vertically
are shown in figure 13 (a). It is evident that considerably
higher sound-pressure levels were obtained with the nozzle
mounted in the vertical position; that is, the sound field is
not rotationally symmetrical Spectrum-level curve9. (figs.
13 (b) and (c)) for the nozzle mounted in both the horizontal
and vertical positions show a considerable decrease in the
low--frequency energy with some increase of high-frequency
energy. This is clearly evident at the 30° azimuth for both
nozzle orientations. The trend to less low-frequency noise is
evident at both the 90° and 150° azimuths. The over-all
effect, shown in figure 13 (d), indicates a 10decibel decrease
in sound pressure at a frequency of 200 cycles per second
with n slight increase in the energy above a frequency of 2,000
cycles per second. The total power radiated by nozzle J was
5.0 decibels less than that of the standard nozzle.

NOZZLBw TWELVZ-SEOYION RECTANGULAR (4 IN. WIDE BY 6 IN. HIGH)
SLOTTED NOZZLB

Nozzle K (twelve-section rectangdar slotted nozzle, fig.
3 (k)) is a modification of nozzle J, The sound-pressure

field obtained with this nozzle mounted horizontally is shown
by the polar diagram of figure 14 (a). The spectrum-level
curves at three positions are shown in figure 14 (b). A com-
parison of thtie results with the results for the previous
nozzle does not show any signiikmt changes, and in fact
the twelve-section nozzle appears to be a less effective
suppressor. This results largely from the spectrum changes
at the 30° azimuth in the frequency range between 300 and
1,000 cycles per second (fig. 14 (b)). Because this nozzle
was not particularly different and not as good a suppressor
as the eighteen-section slotted nozzle, it was not tested in .
the vertical position. Hence, no power levels are available;
since the sound field cannot be assumed rotationally sym-
metrical for such a configuration.

CO~AHISONOFSOUND-POIVBBRADIA’IYONBYhmANSOFLIGHTHILL’S
PAHA~E

In order to provide a valid comparison of the sound power
radiated with the various nozzles with r@rd to both
acoustics and engine operation, the data must be normalized
so that effects of daily temperature and pressure variations
are insignificant. For the engine this is accomplished by
properly trimmm“ g the exhaust-nozzle area so that the engine
always operates with the proper relation between corrected
exhaust-gas temperature T/o and corrected engine speed
lV/~. It is well established (refs. 2 and 10) that the sound
pomr radiated from a jet issuing from a circular convergent
nozzle can be correlated with the Lighthill parameter
~V8/Q.$. Reference 2 shows that both small air-jet and
full-scale engines are well correlated by a single relation if
the velocity V used for the engine is defined as the ratio of
engine thkst to mass flow. The limmr relation of sound
pomr and Lighthill’s parameter, both in watts, was found
to apply even though the nozzle pressure ratio slightly
exceeded the choking value (ref. 2). Thrust losses show up
as a decrease in velocity and a consequent decrease in Light-
hill’s parameter. This is an extremely important point, since
any device that reduces thrust and hence Lighthill’s param-
eter must show greater noise reductions than those that
could be obtained by throttling back the engine (with a
standard nozzle) to an equal thrust value.

Figure 15 shows the sound-power ratio (ratio of supprewor-
nozzle sound power to standard-nozzle sound power) for all
the nozzles plotted against Lighthill’s parameter. Nozzles
C, D, G, H, I, and J all give substantial reductions and, in
fact, reduce the sound power by 50 to 75 percent (3 to 6 db)
at rated engine power.

THHUSTLOSSOFSUPPEE9SOllNO~

& mentioned previously, conditions at the jet exit of
an engine are dependent on the ambient conditions. It
is well established (ref. 11) that engine thrust can be nor-
malized by plotting corrected thrust .3’/6against corrected
engine speed IV/w. Figure 16 shows the corrected-thrust
ratio (ratio of suppressor-nozzle corrected thrust to standard-
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nozzle corrected thrust) plotted as a function of cor-
rected engine speed. It is evident there is a notable range
of thrust losses. The cmhmely large thrust loss of nozzle F
(seven-segment, 2% by 18 in., rectangular nozzle) was prob-
ably caused by low pressures acting on the surfacw between
the segments. Such low pressures result from the relatively
high induced velocities of the mixing air in traversing the
long narrow slots between adjacent jets.

The large thrust losses of nozzle C with the large center-
body also probably result from low pressures: In this case,
the hot gases separate from the cone and low pressq&s
result. & might be expected, the thrust loss decreases at
rated speed since the nozzle pressure ratio is high (2.3) and
hence the flow will expired and flow farther along the cone.
It is quite possible that some of this loss might be decreased
by using better aerodynamic design.

It is interesting to note that nozzles G, I, and D were
among the best devices tested for noise reduction, and all
have quite small thrust losses. Several of the data points
for nozzle I are slightly greater than unity. This results
from decreased pressure losses associated with the larger-
than-standard exhaust cone used with this nozzle.

DISCUSSION OF RESULTS

SPECTRUMOFNOISE

In all cases where significant noise reduction was achieved
(nozzles C, D, G, H, I, and J), the eflect occurred at low
frequencies. At high frequencies, the noise was either
unaltered or slightly increased. For example (fig. 7 (d)),
nozzle D shows reduction only at frequencies less than 2,400
cycles per second, while at the higher frequencies the sound-
power level was virtually unchanged. The reasons for this
can be explained in the following manner.

When two adjacent jets, as shown in the following sketch,

94”

Mixing of
s Odjocent

jets

emerge from the nozzle, they mix with the surrounding air
and spread. At some point downstream, the mixing zones
intersect. The noise generated by each of the jets between
the nozzle exit and the point of intersection should remain
virtually unchanged, whereas the noise generated down-
stream of this point would be altered. This dow not

TABLE IL—FREQUENCY ~= AT DISTANCE Z DOWNSTREAM
WKERE ADJACENT JETS IW!?INGE

-=-l==
B 1,223

1,365
; 2,600

1,815
F 3,170

914
:
J 2,E;

Mexm-d

1,000
1,600
2,400
1,s00
2,200

%
2,100

necessarily mean that the high-fkquency noise (generated
near the jet exit) measured in the far field would be unaltered,
It would be expected that the mixing of the two jets would
result in decreased eddy sizes and a consequent decrease in .
the low-frequency noise generated downstream with an
increase in the high-frequency generation. If the turbulent
intensity in the mixing region of the adjacent jets is reduced
(ref. 12), then an increase in high-frequency radiation may
not be too significant iu terms of total sound power. This
decrease in both eddy size and turbulent intensi~ would ful-
iill the requirements for noise reduction stated in reference 8.

If the adjacent jets we considered to expand uniformly at
a half-angle of 9.4° (ref. 13), then it is possible to calculate
the distance downstream z at which the two jets impinge.
It would be expected that, in general, the frequencies most
affected would be those generated principally downstream
of point x.

In reference 13 a curve is given of the apparent positions
of the acoustic sources in a jet as a function of the axial
downstream distance, the high frequencies being gencmte(l
near the jet exit and the lower frequencies downstream.
These data are presented in .tw-.ms of the dimensionless
parameter, Strouhal number fD/V, against downstream
distance in exit diameters (@. 16 of ref. 13). Unpublished
NACA data show that thk relation given holds over n wide
range of nozzle diameters and jet velocities. If it is assumed
that rectangular slots generate sound in the same manner
and that the importaut dimensioriis the jet width, then it is
possible to calculate the highest frequency affected by nixing
interference f=. This has been done, and the results aregiven
in table II_. These calculations were made for the condi-
tions at a nominal engine speed of 97.5 percent of rated speed.
Ehtimatw off. have been made for both nozzles B cmd C
using an effective width and spacing. The tiective width
and spacing were calculated by assuming that, since the gas
pas-sages are roughly trapezoidal, the eflective vidth is
apprmiimately two-thirds the distance between the outer and
inner shells and, of course, nearer the outer shell, No
estimates were attempted for nozzle I, which has non-
Coplanartits.

A comparison of the calculations with the frequencies
estimated from the appropriate power-level distribution
curves shows that, in general, the agreement is quite good.
The notable exception is nozzle F. Since this nozzle was a
very ineffective suppressor, the di.iTerenceprobably results
from the &similarity between the actual flow conditions as
compared with the simplified calculations.

SOUND-POWEZGZNZRATION

Further study of the preceding sketch would indicate that
the ratio of the volume in which mixing interference occum to
the total volume of the adjacent jets is proportional to s/w.
Furthermore, the volume ratio depends on the total number
of jets for which mixing interference occurs. Sinca it might
be expected that the outside halves of the end jets would bo
relatively unaffected, then the total volume ratio would be
approximately the product of s/w and the number of jets less
one CLe., the number of spaces between nozzle segmants n).
The noise suppression of the slotted nozzles would therefore
be expected to be,a function of mlw.
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A simple measure of the suppression of the slotted nozzles
is show-nby the ratio of the sound power generated by the
suppressor nozzle to that of the standard nozzle (@. 15).
Figure 17 shows this sound-power ratio (at rated engine
conditions) as a function of ns/w. Also shown on this curve
are the data for nozzle C, which has no end effects. The
gmerrd result would appear to be that all the data except
those for nozzles E, l?, and J can be represented by a single
curve. Undoubtedly the slot height has some effect. It
would appear that this effect is small for all the nozzles
except E and F. As long as there is sufhcient room between
adjacent jets for the mixing air to ‘freely traveme down the
slots, then the solid curve applies. If this is not the we,
then the curve is shifted upward, as shown in figure 17.
This upward shift probably occurs abruptly, as is usual
with phenomena related to jet attachment to surfaces.
Such phenomena usually occur because of a pressure differ-
ential, and the jet will try to maintain its normal pattern
and then suddenly shift as a certain pressure cliilerential is
reached, From an examination of the geometry of the
configurations, it would appear that this shift occurred
somewhere between a spacing-to-height ratio g/h of 0.167 and
0.111.

The results for nozzle J might well be high, since this
nozzle showed marked di.fTerenceain the sound fielddependent
on the nozzle orientation. A single average of the sound
powem (vertical and horizontal nozzle orientation) may not
be sufficient for this particular nozzle.

It might be espected that the solid curve representing the
better noise supprcxsora would hold generally for all sup-
pressors of this type. In fact, unpublished data using modal
jets show good agreement with this curve for comparable
values of jet pressure ratio. Since this is the case, then
figure 17 indicates that the most noise reduction that could
be expected from such suppressors occurs near ns/w of 12.
It appears that further increns- in IW/Wwill not result in
substantial noise decrea&. Certainly increasw in s/w will
tend to increase noise levels, since jets spaced far apart
should be relatively unaffected by mixing interference. In
fact, at large values of s/w the levels should return to that
for the standard nozzle.
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CONCLUDING REMARKS

It is evident from the results presented herein that it is
possible to-greatly alleviate the noise problems of current
jet engines. It is not possible, however, to recommend any
spec~c nozzle as appreciably better than all the others.
Nozzles C, D, G, H, I, and J all appear to be reasonably good
suppressors and reduce sound power by 50 to 75 percent (3
to 6 db). The reductions in the power in various frequency
bands is as much as 15 decibels. The sound-pressure levels
at particular positions showed reductions of 5 to 12 decibels
with as much as 18 decibels in various frequency bands. In
some cases the sound fields (nozzles D and J) are not rota-
tiomdly symmetrical and hence will cause special problems.
Nozzles C, H, and J hr.tdconsiderable thrust loss (about 4 to
7 percent), whereas nozzles D, G, and I had quite small
thrust losses.

Apparently it is Dot po=ible to achieve a great deal more
sound reduction from the typw of nozzles presented herein.
The conversion of the test nozzles to flying hardware repre-
sents a considerable development effort. Furthermore, a
great many practical problems with regard to nozzle weight
and drag in flight remain to be answered. Certainly all the
nozzles tested will require further study to minimize these
eflects.
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